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Abstract
The properties and the performance of epitaxial semiconductor thin films depend on the stress-state and the defect structure in
the film. When the film is grown layer by layer, the accumulated elastic strain energy due to misfit strain between the substrate
and the film is partially released by the formation of misfit dislocations at a threshold thickness. This investigation pertains to
finite element analysis of the stress-state in epitaxial thin films as a function of the thickness and the release of the elastic energy
by dislocation nucleation. To begin with, stress contours associated with the epitaxial growth and the nucleation of the dislocation
are studied independently and the results are compared with the available analytical and experimental data. Subsequently, the
above two are combined to analyze the effective potential energy state of the system. Essentially, the energy minimization process
that involves accommodation of the misfit strains at a threshold film thickness is studied.
 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The properties and performance of heteroepitaxial
semiconductor thin films depend on the stress-state and
the defect structures in the film. Considerable analytical
and experimental work has gone into the characterization
of heteroepitaxial thin films with special regard to the
nucleation and multiplication of dislocations w1,2x.
During epitaxial growth the first few layers are com-
pletely coherent with the matrix with tetragonal distor-
tion of the film lattice. If the film has a larger lattice
parameter (as in GeSiySi), then the film is under
compression while the substrate is under tension. Ini-
tially, i.e. for the first few layers, the elastic energy
stored in the film (lattice misfit strain energy) is not
suitable to nucleate a dislocation, but as the film thick-
ness increases, dislocations begin to nucleate and the
thickness at which this occurs is designated as the
critical thickness (h ).c
Three approaches were used to determine the critical
thickness at which dislocations nucleate: (i) minimiza-
tion of the sum of misfit strain energy arising due to
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growth and dislocation energy, which is essentially the
equilibrium condition w3x; (ii) equating misfit strain
energy to the energy of a dislocation w4x; (iii) the film
is assumed to be in a metastable state and excess stress
criterion w5x. Alternate approaches have used the excess
stress required to propagate existing dislocations w6x.
Theories based on equilibrium have a better fit with
metallic systems while non-equilibrium theories (meta-
stable) are able to explain semiconductor systems better
w6x.
2. Film and dislocation energetics
The energy stored elastically in an isotropic coherent
film parallel to (0 0 1), (1 1 1) or (0 1 1) crystallograph-
ic plane is given by w7,8x:
2w xE s2G (1qn)y(1yn) f h (1)h m
where f is the lattice misfit strain, h is the thicknessm
of the film, G and n are the shear modulus and the
Poisson’s ratio, respectively, of the film material and
E is the misfit strain energy per unit area of the film.h
When the critical thickness is exceeded, either misfit
dislocations are nucleated at the interface or threading
dislocation loops propagate along the slip plane to form
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misfit segments. The amount of strain relief depends on
the kind of dislocation. A pure edge dislocation relieves
maximum amount of misfit strain, which is proportional
to its Burgers vector b, while, a pure screw dislocation
does not contribute to misfit strain relief. In many
semiconductor systems 608 misfit dislocation segments
form, which partially relieve the strain (proportional to
b cos 608). For example, in the GeSiySi system with
the interface parallel to (0 0 1), bsN1 1 0My2 and the
dislocation lies on the (1 1 1) closed packed plane, with
the strength of the misfit segment proportional to by2.
The energy per unit length of an edge dislocation, as
derived from the theory of elasticity, using a Volterra
cut is w9x:
2 w zB EGb g0C FE s 2qln (2)x |dl
D G4p(1yn) by ~
where g is the size of the control volume and is usually0
assumed to be approximately 70b and E is the energydl
per unit length of the dislocation line.
The total energy of the film system in the presence
of dislocations is:
E sE qE (3)tot h dl
Since E is in units of energy per unit area and E inh dl
units of energy per unit length, E has to be normalizeddl
by a lengthscale (x ), to make the addition with Ech h
meaningful. Division by this lengthscale and using g s0
h, will establish E as a function of the thickness oftot
the film. This lengthscale has been chosen by some
authors to be the Burgers vector (e.g. by Pei et al. w10x).
Given that the core radius is often greater than this
length, a more appropriate approximation would be to
consider a distance from which most of the energy of
the formation of the dislocation is contributed. This
characteristic length scale has been taken as 5b by
People and Bean w4x. This value is approximately equal
to the lateral extension of the strain field of the smallest
possible half loop w11x. The earlier analytical methods
have ignored the energy stored in the substrate for
minimization.
The formula for critical thickness derived by the
minimization of energy for the GeSiySi system is w3x:
y21.175=10 w xh (nm)s ln 8.9h (nm) (4)c cfm
where h is the critical thickness in nm and f is thec m
misfit strain.
However, the best fit for experimental results for the
GeSiySi system is given by w4x:
y31.9=10 w xh s ln 2.5h (nm) (5)c c2fm
where the symbols are as defined for Eq. (4).
To explain the discrepancy between the observed and
the experimental h values it was proposed that the filmc
is in a metastable state and that excess stress is required
to nucleate a dislocation or to propagate an existing
dislocation w5x.
In the case under consideration, the critical thickness
is expected to be dependent on two criteria. The ther-
modynamic aspect is captured by energy minimization
while the kinetic aspect forces a minimum energy per
unit area (of the interface) requirement. The global
energy minimization and the local energy per unit area
requirement together influence the nucleation of dislo-
cations. This alternate view of looking at the kinetic
barrier will also be used in this work. This approach is
consistent with the work of People and Bean w4x.
3. Finite element analysis
3.1. Coherent film growth
The linear relation of E with h is expected to be trueh
only for very thin films wEq. (1)x. As growth progresses,
the upper layers will be more relaxed energetically as
compared to the layers closer to the substrate, although,
there may not be appreciable geometrical relaxation.
Consequently, energy per unit area of the sample should
increase with thickness, but with a decreasing slope.
In this work, the film and the substrate are treated as
continua. The initial mesh configuration consists of a
substrate of Si over which successive layers of GeSi are
built numerically. This is done, by first constructing a
strain-free layer of GeSi on the Si substrate and then
imposing the coherency at the interface through a lattice
misfit strain (stress free Eshelby strain). This simulation
is repeated for successive build-up of the layers to
simulate the growth of the film.
The lattice parameter of the film (a ) is a function off
the content of the alloying element. For the case of
GeSiySi system f is a positive quantity and the film ism
in compression after the strain is imposed. Correspond-
ingly the substrate is in tension.
For defining the boundary conditions, using the sym-
metry of the domain, half the length of the system is
considered and plane strain conditions are assumed.
Calculations are carried out taking into account aniso-
tropic conditions and the appropriate elevated tempera-
ture (550 8C for the GeSiySi system). The lattice
parameter and elastic constants for an alloy (e.g. GeSi)
are calculated using Vegard’s law (i.e. linear interpola-
tion of values) w1,12x.
3.2. Simulating the nucleation of a misfit dislocation
Dislocations absorb part of the misfit strain energy.
Keeping in mind the global and the local aspects, when
the energy cost of nucleating a dislocation, is less than
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Fig. 1. Stress-state (s ) after the growth of five layers. Symmetric half the film–substrate system is shown.x
the increase in the misfit strain energy, the nucleation
of a misfit dislocation becomes favourable. As men-
tioned before, the actual nucleation may depend on
kinetic barriers to nucleation.
Here we study the effect of introduction of a simple
edge dislocation along the w1 1 0x direction. The Burgers
vector for the edge dislocation is along the close packed
ay2 w1 1 0x direction on the (0 0 1) film plane. The edge
dislocation is modeled by feeding the strain correspond-
ing to the introduction of an extra plane of atoms. This
strain is given by:
w x w x w x´ s a 1 1 0 qb ya 1 1 0 y a 1 1 0 qbŽ . Ž .Ž .Tdl s s s s s
sb y3b s1y3s s
where ´ is the strain imposed on a column of elementsTdl
at the centre of the control volume, extending from the
bottom of the substrate up to the interface, a w1 1 0x iss
the spacing of atoms along the w1 1 0x direction in the
substrate and b is the Burgers vector of the substrate.s
In the case of thin films with dislocation at the
interface the properties are different above and below
the extra plane of atoms of the edge dislocation. This
aspect is taken into account in this simulation with
separate material properties for the film and the
substrate.
4. Results and discussion
4.1. Simulation
The stress-state (s ), of symmetrical half of thex
system, after the growth of five layers is shown in Fig.
1. The effect of finite lateral dimensions is clearly seen
in the contours.
The effect of introduction of an edge dislocation in a
virgin material as studied in the FEM simulation is
shown in Fig. 2a. The figure shows the contour plot of
s in Cartesian coordinates and it matches closely withx
the plot of the standard equation w13x. Similarly, a close
correspondence is also seen in the contour plot of s .y
Fig. 2b shows the variation in energy per unit area of
the interface with distance (along the interface) for the
introduced dislocation. The simulated stress values are
in good agreement with the theoretically derived value.
The energy of the dislocation by simulation is
0.98=10 Jym and the value obtained by Eq. (2) isy9
1.3=10 Jym, which roughly validates the simulationy9
of the dislocation.
Fig. 3 shows the effect of introduction of a dislocation
in a strained Ge Si film 9.1 A thick, on a Si substrate.0.5 0.5 ˚
The energy per unit area of the system prior to the
introduction of the simulated dislocation was 2.02 Jy
m , which increased to 2.93 Jym on the introduction2 2
of a single dislocation. Naturally, the former is the
preferred energy state and therefore, it can be construed
that no dislocation will be formed for this thickness of
the film. It is seen that the energy associated with the
dislocation arises essentially from 10 to 14 by2 spacings.
Thus, it can be seen from Fig. 3 that the characteristic
length scale x is indeed approximately 5b.ch
4.2. Critical thickness
For a comparison of the simulation results with
existing analytical solutions and experimental results the
following two approaches are used.
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Fig. 2. Effect of an edge dislocation: (a) FEM simulated values of s ; (b) variation in energy per unit area (of the film–substrate interface) withx
distance along the interface.
The equilibrium theory of Frank and Van der Merve
w3x takes into account only the energy of the film. Using
only the film energy from the present FEM simulation,
we get critical thicknesses consistent with the theoretical
predication w3x, that is three layers for the present
Ge Si ySi system. However, for the global minimi-0.5 0.5
zation of energy, the entire film–substrate system has to
be taken into account and the FEM analysis with global
minimization yields ‘four layers’ as the critical thick-
ness. Although the difference is not very significant
here, it is expected to be larger for low misfit strain
systems.
The plot of the energy per unit area of the interface,
before and after the introduction of a dislocation in the
Ge Si ySi system is shown in Fig. 4. The minimum0.5 0.5
energy condition dictates that at crossover of the two
curves, the nucleation of the dislocation becomes ener-
getically favourable and the thickness corresponds to
the critical one.
From Fig. 2b, the energy per unit area (of the
interface) of the dislocation, at distances of by2 and
5by2 are approximately 0.35 and 0.05 Jym respectively.2
The thicknesses, at which the energy stored in the
strained film per unit area of the interface, exceed these
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Fig. 3. Effect of introduction of a dislocation in a 9.6-A-thick strained film. Contour plot of s for: (a) symmetrical half of the film–substratex˚
system; (b) the zoomed region near the dislocation.
Fig. 4. Plot of the energy (per unit area of the interface) of the Ge Si ySi system before and after the introduction of a simulated dislocation.0.5 0.5
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threshold limits correspond to two values of critical
thickness, which can be termed as peak and 5b threshold
critical thicknesses. For the Ge Si ySi system the0.5 0.5
peak and 5b threshold critical thicknesses by FEM turn
out to be approximately 90 and 20 layers respectively.
The experimentally determined value of the critical
thickness for Ge Si ySi system is 18 layers w4x and0.5 0.5
this implies that x can be taken equal to 5b.ch
It is expected that the degree of metastability of the
film depends on the actual system, such as metallic or
semiconductor, which in turn dictates the ease of nucle-
ation of a dislocation and the density of pre-existing
dislocations. If diverse kinds of systems are to be
considered, then, the complete analysis should involve
the consideration of an upper bound and a lower bound
for the critical thickness. The lower bound is based on
the minimization of energy, while, the upper bound is
based on the peak energy per unit area threshold. The
applicability of 5b-threshold approach to semiconductor
system is demonstrated in this investigation and the
experimental verification to establish the suitable
approach for metallic systems is underway.
5. Conclusions
The misfit strain is fed as the stress free Eshelby
transformation strain in the Finite Element model to
effectively simulate lattice mismatch strain in an epitax-
ial layer. Similarly, feeding an appropriate strain in the
Finite Element model, we can simulate an edge dislo-
cation. The critical thickness for the film was calculated
using global energy minimization as well as a threshold
approach. For the GeSiySi system, the experimental
values match satisfactorily with that of the ‘threshold
approach’, when the threshold energy per unit area of
the simulated dislocation is assumed to correspond to a
characteristic distance (x ) of 5b.ch
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